Objective: The purpose of the study was to evaluate the clinical and hemodynamic effect of intraoperative extracorporeal ultrafiltration (UF) and its potential in reducing the plasma concentration of circulating cytokines and complement activation products following open heart surgery in children. Methods: Eighteen children with congenital heart disease were prospectively randomized into a control group (n -9) and a group who underwent UF (n = 9). Serial plasma samples for measurements of circulating cytokines (interleukin 6 (IL-61, tumor necrosis factor alpha (TNF), and its soluble receptor (sTNF receptor)), and complement factors (C3 activation products (C3a and C3bc) and terminal complement complex (TCC)) were obtained before, during and up to 48 h after cardiopulmonary bypass (CPB). A pulmonary artery thermodilution catheter was introduced preopemtively for hemodynamic monitoring. Results: Postoperative hemodynamics were similar in both groups. Plasma levels of IL-6, sTNF receptors, C3a, C3hc and TCC increased significantly perioperatively (P < 0.01) in both groups. TNF was detected transiently in 16 patients perioperatively and in 4 of the 9 ultrafiltrate samples in concentrations similar to the plasma levels. Complement activating products were not detected in the ultrafiltration samples except for small amounts of C3a in two cases. Compared to the control group the plasma levels of C3a, C3hc and TCC were unaffected by the ultrafiltration procedure. The level of IL-6 and sTNF receptors increased significantly after 15 min of UF but there was no significant difference between the two groups postoperatively. Conclusions: In this study no clinical or hemodynamic effect was registered after UF. TNF and C3a were occasionally detected in the ultrafiltrate but we were unable to demonstrate reduction of these or any of the other markers tested in the group subjected to ultrafiltration.
Introduction
Postoperative organ dysfunction after cardiopulmonary bypass (CPB) might be due to fluid accumulation and activation of inflammatory responses. Intraoperative ultrafiltration has been claimed to improve both pulmonary and myocardial postoperative function [l-3] . In addition UF has been claimed to reduce the serum level of inflammatory mediators generated during CPB . The purpose of this study was to evaluate the possible hemodynamic and clinical effects of ultrafiltration and its ability to reduce the inflammatory response measured as plasma levels of cytokines and complement activation products. the intensive care unit, postoperative bleeding, volume of autotranfusion, fluid transtirsed, diuresis and daily estimation of body weight.
Anesthesia
After premeditation with benzodiazepines, anesthesia was induced with penthothal, diazemuls and maintained with high dose fentanyl. Pancuronium was given for muscle relaxation. After intubation the patients were ventilated with a servo ventilator 900°C (Siemens, Elema, Stockholm, Sweden).
Hemodynamics
All patients received a urinary catheter, one peripheral intravenous cannula, a radial or femoral artery catheter and a pulmonary artery catheter (Baxter Pediatric thermodilution catheter) which was used for hemodynamic monitoring. The hemodynamic variables recorded included heart rate, mean arterial blood pressure, central venous pressure, pulmonary capillary wedge pressure and cardiac output. The cardiac output was determined with thermodiluton technique with injection of 5 ml of glucose 5% and calculating the mean of three consecutive measurements. The calculated variables included cardiac index, left ventricular stroke work index, right ventricular stroke work index, systemic vascular resistance index and pulmonary vascular resistance index.
Extracorporeal circulation
The extracorporeal circuit consisted of medical grade PVC tubings, silicone pump tubings in the roller pumps, a 25 pm arterial line filter coated with heparin by the Duraflo II method, and a BCR-2500 cardiotomy reservoir (Baxter-Bentley) which also was used for autotransfusion postoperatively. A membrane oxygenator (Sorin-Dideco Masterflo) was used in all cases. The circuit was primed with 4% albumin, 15% mannito13 ml/kg and 50 mmol/l NaHCO,. Myocardial protection was accomplished using St. Thomas cardioplegia and local cooling with slushed ice. The operations were performed in moderate hypothermia and rewarming was started after removal of the aortic clamp. An alpha stat regimen was used for management of blood gases. Reperfusion was continued for at least 15 min and rectal temperature raised to > 35°C with the central venous temperature above 36°C before CPB was discontinued. During and after CPB phentolamin was routinely infused.
UltrajZtration
Ultrafiltration was performed on heparinized patients for 15 min after termination of CPB. A Gambro FH22 ultrafilter (Gambro, Dialysatoren GmbH & Co KG, D-7450, Hechingen, Germany) was primed with Ringer acetate and connected by PVC tubing to the arterial and venous cammlas via three-way stopcocks. The effective membrane area of PH 22 is 0.2 m2. The membrane is a three-layer structure of polyamide, the inner layer is O.l-0.5 pm thick with pore size of 0.005 pm, the middle layer is 5 pm thick with increasing pore size and the outer layer is 45-55 pm thick with even larger pores. The priming volume of PI-I 22 is 13 ml. In general, this is the situation for polyamide: if the molecular weight is between 0 and 8 kDa, the sieving coefficient of polyamide is 1, i.e. all molecules are removed, no matter what their structure is. Between 8 and 40 kDa, not all molecules are removed, but only those with a certain structure. The pore size of the polyamide membrane is about 5 nm.
Ultrafiltration was achieved by the arteriovenous pressure difference as the driving force with a negative pressure of 150-200 mmHg applied to the collecting system to increase the transmembranous gradient of filtration. The pump-oxygenator circuit was clamped unless volume was added via the arterial line to raise central venous pressure.
Blood sampling
Blood samples required for the determination of IL-6, TNP, sTNP receptor, and complement activation products were obtained at the following times: preoperatively after induction of anesthesia, after heparinization, 10 min after initiation of cardiopulmonary bypass and every 30 min thereafter, after weaning from cardiopulmonary bypass but before protamin administration, after ultrafiltration (n = 91, at wound closure, and 2, 24 and 48 h postoperatively. Blood specimens were obtained from the arterial catheter (pre-bypass and postoperatively), and from the oxygenator during extracorporeal circulation. The values were corrected by hemodilution.
Analysis
Assay technique: IL-6 and TNP were measured in plasma by means of kits obtained from R&D Systems, Minneapolis, Minnesota, USA. The sensitivity and coefficient of variation of the tests were: IL-6 0.35 pg/ml and 2.7-4.2%, and TNP 4.4 pg/ml and 4.5-5.3% respectively. Soluble TNP receptor analysis was performed using an enzyme-linked immunosorbent assay for quantitative detection of soluble 60 kDa human TNP receptor levels (Bender Med Systems, Vienna, Austria). The sensitivity was determined to be less than 80 pg/ml and reproducibility within the assay was evaluated in three independent experiments. Each assay was carried out with 6 replicates of 8 serum samples containing different concentrations of sTNP receptors. The coefficient of variation in these experiments varied from 0.4 to 5.3%. Assay-to-assay repro- ducibility within one laboratory was evaluated in three independent experiments by two technicians in the same number of tests. The coefficient of variation varied between 5.0 and 11.0%. C3a was quantified in a double antibody enzyme immunoassay principally as described by Zilow et al. [7] . A monoclonal antibody specific for a neoepitope reacting with C3a was used as capture antibody and a peroxidase-linked anti-C3a monoclonal antibody was used as detection antibody. The C3a antibodies were purchased from PROGEN Biotechnik, Heidelberg, Germany. Samples were diluted I:5 in antigen-buffer solution. The C3 activation products C3bc were measured with a double antibody enzyme immunoassay (EIA) specific for a C3 neoepitope expressed in C3b, iC3b and C3c [81. Terminal complement complex was quantified in a similar EIA specific for a neoepitope expressed only in activated C9 [9] . The samples analysed for complement activation were drawn in EDTA-containing tubes, cooled immediately, and the plasma was separated and stored at -70°C until analysed in one batch. Values are given in arbitrary units (AU) and referred to a standard of zymosan-activated human serum defined to contain 1000 AU/ml.
Statistics
Data were processed with StatView software (Abacus Concepts Inc., Berkeley, CA, USA). The data are expressed as median and range and are graphically presented as percentile boxplots. Intergroup comparison was performed with the Mann-Whitney method for unpaired data. Intragroup comparison before and after ultrafiltration was performed using the Wilcoxon test for paired data. Differences between groups at specific time intervals were inspected by repeated-measures analysis of variance. P values < 0.05 were considered statistically significant.
Results
There was no mortality nor perioperative morbidity in the study population. Patient characteristics including diagnosis, weight, body surface area (BSA), duration of surgery, cardiopulmonary bypass time and cardiac ischemic time are shown in Table 1 . There were no significant differences in these parameters or in the baseline (preoperative) values of the measured variables between the groups. Postoperative hemodynamic variables are presented in Table 2 . There was no significant difference between the groups. The volume requirements in the first 24 h postoperatively were significantly higher in the ultrafiltered group; Ventilation, time ventilated postoperatively (hours); I.C.U., duration of stay in the intensive care unit (days); Volume/24 h, volume requirements the first 24 h postoperatively (ml); Dimesis/ h, diuresis during the first 24 h postoperatively (ml): UF, group subjected to uhratiltration; Control, control group; * P < 0.05.
otherwise there was no significant difference in clinical parameters between the groups (Table 3) . During the 15 min of ultrafiltration 500 (400-600) ml or 25 (24-33) ml/kg of fluid was removed. Colloid osmotic pressure (COP) and hematocrit (hct) increased p mmHs 21. 20.
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14. significantly during UF (Fig. 1) . However, no significant difference in hct or COP was registered between the two groups postoperatively (Fig. 2) . A significant increase in C3a, C3bc and TCC was noted perioperatively (Figs. 3-5 ). No significant difference was noted between the groups so the ultrafiltration procedure did not affect the postoperative levels of these complement activation products. C3a was detected in two of the ultrafiltration samples at a level of 12 and 33 AU/ml. C3bc and TCC were not detected in the ultrafiltrate.
IL-6 increased significantly reaching maximum value 2 h postoperatively without significant differences between the groups (Fig. 6) . During the ultrafiltration procedure the IL-6 level increased significantly from a level of 7 (O-32) JL-6 Pg/ml Table 4 ). IL-6 was not detected in the ultrafiltrate. TNF was detected preoperatively in 8 and transiently in 16 patients during the study period. In four of the patients subjected to ultrafiltration TNF could be measured in the ultrafiltrate in low concentrations similar to plasma concentrations (3-6 pg/ml). The plasma level of TNF was, however, unaffected by the ultrafiltration procedure and there was no difference between the two groups postoperatively.
Soluble TNF receptors were not detected in the ultrafiltrate. During the ultrafiltration procedure the level of sTNF receptors increased significantly from 1883 (1331-3080) to 2306 (1735-3954) pg/ml. Postoperatively no significant difference in sTNF level was noted between the two groups (Fig. 7) .
Discussion
Only scarce hemodynamic data have been reported after open heart surgery and ultrafiltration in children [2-61. We sTNF ret pg/ml Fig. 6 . Perioperative variations in IL-6 concentration expressed in pg/ml. Fig. 7 . Perioperative variations in sTNF receptor concentration expressed Abbreviations as in Fig. 3 .
in pg/ml. Abbreviations as in Fig. 3 .
used a pulmonary artery thermodilution catheter for extensive hemodynamic monitoring postoperatively. No hemodynamic benefit was registered in the ultrafiltration group compared to the control group. In any event, the postoperative course of our patients was generally benign so any difference in clinical outcome would have been difficult to detect. In addition, the amount of ultrafiltrate was quite similar to the additional need for intravenous fluid substitution postoperatively in the UF group. Thus any late benefit of fluid removal was lost by an increased replacement postoperatively resulting in similar fluid balance at 24 h postoperatively. The modest increase in hematocrit and colloid osmotic pressure during UF may, on the other hand, be beneficial during the early postperfusion period. The concept of removing plasma mediators of inflammation by shortlasting extracorporeal ultrafiltration can not be supported by this study. However, hemofiltration has been used therapeutically in septic shock with the intention of removing inflammatory mediators contributing to this condition [ 10-121. The release of the proinflammatory cytokines IL-6 and TNF together with complement activation may play a vital role in the whole body inflammatory response encountered after open heart surgery. Ultrafiltration has been proposed to be a way to reduce some of the inflammatory mediators generated during and after pediatric cardiac surgery [4-61. However, the results of these studies are conflicting, and in contrast to these reports perioperative homologous blood transfusion was avoided in our study. Furthermore, while others report the use of homologous blood products in the priming solution [3, 5, 6] , we use a "clear" bloodless prime. The use of homologous blood products might distort their conclusions since stored blood might contain inflammatory mediators or induce an inflammatory response when transfused.
One study showed a significant reduction of complement activation products by ultrafiltration [4] . This paper, which did not report a control group, found reduced levels of the anaphylatoxins C3a and C5a after hemofiltration using an identical hemofilter (Gambro FH 22). We detected C3a only occasionally in the ultrafiltrate but in contradiction to Andreasson et al. we could not confirm that ultrafiltration could reduce the level of C3a. This was also supported by the findings in our control group.
Several factors influence the quality and constitution of the filtrate. Different size, depth and number of pores will determine the permeability and adsorption properties of the membrane.The anaphylatoxins C3a and C5a are relatively small with a molecular weight (MW) of lo-15 kDa while C3bc and TCC have a MW of 150 and 1000 kDa respectively, probably explaining our findings.
A larger hemofilter was used by Naik and Millar (Pediatric Filtral 66; Gambro) compared to the hemofilter used in the present study [3, 5] . The hemofilters differ in respect to membrane area and priming volume, but the membranes are identical. Excluding one study [6] , the hemofilters used in other similar reports differ in respect to size; otherwise the membranes are identical, excluding this as a major contributor to the different results [3-51. The timing and duration of the procedure might be important. One group claims the beneficial use of ultrafiltration during the rewarming phase since the cytokine release and complement activation coincides with this period [6] . The duration of the ultrafiltration technique described in the present study equals the time reported by others [3, 4] . Likewise the ultrafiltrate volume was quite similar in our study compared to other reports [4, 6] . But in contrast to others [2, 4] , we have simplified the technique and do not use a roller pump in the ultrafiltration circuit. The circuit is as short as possible and the damaging effect of an extra roller pump is avoided.
Our patients were somewhat older than the patients studied by Millar and Andreasson but in the same age range as children described in other studies [3-61. Furthermore, our children represent mainly patients at low risk and the duration of the extracorporeal circulation was shorter than in other reports . This might affect the magnitude of the inflammatory response.
The substances removed from plasma by ultrafiltration are not necessarily only removed by convection. It has been shown that TNF may be removed from the circulation by adsorbing to the membrane [ 131. With a larger outer pore size in the membrane one might speculate if some substances could be trapped in the membrane used in this study. TNF was found in 4 of the 9 ultrafiltrates in amounts about similar to plasma concentration. TNF is a polypeptide of 157 amino acids and in its biologically active form exists as a trimer composed of noncovalently linked monomers of 17.5 kDa in size. Why this substance was filtered out might depend on its structure since neither IL-6 nor sTNF receptors with a MW of 26 and 60 kDa respectively were detected in the ultrafiltrate. TNF was released into the circulation in most of these children. However, the ultrafiltration procedure did not affect the TNF level compared to the control group.
Kirklin et al. have hypothesized that much of the pulmonary damage associated with CPB is caused by a generalized inflammatory reaction that occurs when blood is exposed to the foreign surfaces of the bypass circuit [ 141. The ultrafilter and the extra circuit might theoretically increase the inflammatory stimuli and additional complement activation may occur during the use of hemofiltration membranes [ 151. However, we were unable to demonstrate increased complement activation by the ultrafiltration procedure described in our study. However, the levels of the proinflammatory cytokine IL-6 increased significantly during ultrafiltration. The significance of this finding remains uncertain.
No hemodynamic improvement was registered after this form of intraoperative extracorporeal ultrafiltration. The plasma complement activation products or cytokines were not reduced by the procedure. Fluid balance at 24 h postoperatively was similar due to increased need for intravenous fluid substitution following UF. This work can thus not support the use of extracorporeal ultrafiltration in routine cardiac surgery in children. Further studies may be necessary to determine its clinical relevance.
